Potential of mean force ͑PMF͒ calculations provide a reliable method for determination of the absolute binding free energies for protein-ligand systems. The common method used for this purpose-umbrella sampling with weighted histogram analysis-is computationally very laborious, which limits its applications. Recently, a much simpler alternative for PMF calculations has become available, namely, using Jarzynski's equality in steered molecular dynamics simulations. So far, there have been a few comparisons of the two methods and mostly in simple systems that do not reflect the complexities of protein-ligand systems. Here, we use both methods to calculate the PMF for ion permeation and ligand binding to ion channels. Comparison of results indicate that Jarzynski's method suffers from relaxation problems in complex systems and would require much longer simulation times to yield reliable PMFs for protein-ligand systems.
I. INTRODUCTION
Calculation of protein-ligand binding free energies is a fundamental problem in computational biology and chemistry with many important applications in medicine, pharmacology and biotechnology ͑see Refs. 1-4 for recent reviews͒. Despite dramatic increases in computer power, rigorous calculation of free energies from atomistic simulations still remains as a challenge. This is because protein-ligand configurations in a solvation box are relatively large systems, and the requirement for sufficient sampling could easily push the feasibility of such calculations beyond that available from computer clusters. For this reason, several approximate methods have been developed during the past decade that enabled calculation of binding free energies from molecular dynamics ͑MD͒ simulations, e.g., molecular mechanicsPoisson-Boltzmann surface area 5, 6 and linear interaction energy 7, 8 methods. However, independent tests indicate that success of such calculations are, to a large extent, system dependent. 9, 10 Therefore, it is desirable to apply the more rigorous free energy perturbation methods to protein-ligand binding with a view of obtaining more reliable results. [11] [12] [13] Even though these calculations are more expensive and may not be adapted widely in practice, they provide valuable benchmarks that could be used in testing and improvement of the approximate methods.
A promising approach for accurate calculation of the binding free energy of a ligand is to construct its potential of mean force ͑PMF͒ as it is pulled from the binding site to bulk water. In equilibrium MD simulations, this can be achieved by applying umbrella potentials to the ligand at certain closely spaced intervals along a reaction path. 14 The PMFs that are obtained from sampling of ligand positions at each umbrella window are then unbiased and combined via the weighted histogram analysis method ͑WHAM͒. 15 Previously, this approach has been used and perfected in studies of ion permeation and binding in gramicidin A ͑Refs. 16-21͒ and potassium 22, 23 channels. Applications to the proteinligand binding problem are more recent, and there have been only a few studies involving relatively simple ligands so far. [24] [25] [26] One reason for this slow progress is that the umbrella sampling calculations are quite laborious due to their serial nature, that is, the ligand needs to be equilibrated at each window before moving it to the next window.
In the mean time, a nonequilibrium method based on Jarzynski's equality 27 have become quite popular in free energy calculations. This so-called fast growth method 28 has been applied to some simple systems, yielding generally favorable results in terms of accuracy, although no gains in efficiency have been observed compared to the other methods. [29] [30] [31] [32] [33] [34] [35] [36] An obvious application of Jarzynski's equality is the calculation of the PMF of a ligand along a reaction coordinate by using steered MD simulations. 37, 38 There are several advantages of this method in PMF calculations compared to that of umbrella sampling: ͑i͒ One needs to equilibrate only the initial state with the ligand in the binding pocket, ͑ii͒ the computations are trivially parallelized by generating several initial configurations for the protein-ligand system, whose work functions are obtained from simultaneous steered MD simulations, ͑iii͒ analysis of the results requires Boltzmann averaging of the work functions which is much simpler compared to WHAM. These are sufficient reasons for preferring to use Jarzynski's equality in PMF calculations, even if it does not provide any computational efficiency. Thus, there have been quite a few applications of Jarzynski's equality to ligand-protein systems in the last five years, where the PMF of a ligand is constructed to determine its binding free energy. [39] [40] [41] [42] [43] [44] [45] [46] [47] Despite its popularity in applications to ligand-protein systems, the accuracy of Jarzynski's equality has not been properly tested for PMF calculations of ligand binding. Recently, importance of checking the convergence of the PMF results in biological systems has been stressed, 48, 49 and some doubts have been raised about the applicability of Jarzynski's equality to free energy calculations in complex biomolecular processes. 50 To investigate this question, we have carried out PMF calculations for a K + ion permeating a carbon nanotube and the gramicidin A channel, 51 which can be associated with simple and complex systems, respectively. Functionally, the two systems are very similar: Both form a narrow cylindrical hole across which an ion and water molecules can pass in a single-file configuration. However, their interactions with the ion-water complex are very different: The carbon atoms in the nanotube have only short range Lennard-Jones interactions, whereas the gramicidin atoms have charges hence the long-range Coulomb interactions dominate. Also, the nanotube has a relatively rigid structure while the ␤-helices that form gramicidin A and various dipole groups attached to it are quite flexible, which has a significant effect on the free energy of a permeating ion. 52 Thus, the complex gramicidin A system has a much longer relaxation time compared to the simple nanotube, and any problems due to insufficient relaxation of the system in PMF calculations should be clearly observable. Because both channels are symmetric around their centers, the ionic PMFs are expected to exhibit this symmetry within the accuracy of calculations. By using Jarzynski's equality, a symmetric PMF profile was obtained in the case of the carbon nanotube, but not in gramicidin A, where deviations of up to 20kT were observed from the expected symmetry of the PMF profile. 53 In contrast, the umbrella sampling calculations yielded symmetric PMFs in both the carbon nanotube and gramicidin A. 53 The aim of this work is to extend the scope of the initial study described above and focus especially on the ligand binding problem, which has been one of the major applications of Jarzynski's equality. We consider again the gramicidin A channel as the main target peptide and construct the PMFs for binding of a K + ion and organic cations ͑ethylammonium and tetraethylammonium͒ by using both Jarzynski's equality and umbrella sampling. The effect of the pulling force and velocity on the PMF results, as well as the number of samples used in averaging are studied in detail. To see the effect of using a more complex ligand on the calculated PMFs, we also consider binding of the toxin CnErg1 to the human ether-a-go-go-related gene ͑HERG͒ potassium channel, which plays an important role in normal cardiac function.
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II. THEORY AND METHODS
A. Model systems and MD simulations
The carbon nanotube used in this study has the ͑6, 6͒ armchair configuration. 55 As shown in Fig. 1 , water and ions can permeate the nanotube in single-file configuration. The nanotube is surrounded by similar but capped nanotubes, which mimic the lipid environment. This layer of nanotubes is hydrated on both sides to form the simulation box employed in PMF calculations. In Fig. 1 , we also show the gramicidin A system. The channel is formed from the dimer of right-handed ␤ 6.3 helices with 15 residues, and its highresolution structure is known from NMR studies. 56, 57 Monovalent cations and water can permeate the channel in single-file configuration. The channel is embedded in a bilayer of dimyristoylphosphatidylcholine molecules and hydrated on both sides. Further details of system preparation are given in our earlier papers. 19, 21 The structure and the partial charges of the organic cations have been determined in a recent study of their binding to the gramicidin A channel, 26 which are also adapted here. The structure of the HERG potassium channel is taken from a previous homology model, 58 equilibrated in long MD simulations. 59 The solution structure of CnErg1 has recently been determined from NMR, 60 and its coordinates are available from the Protein Data Bank ͑ID: 1ne5͒. Configurations for the bound complex of CnErg1 and HERG have been searched initially using the docking algorithm AUTODOCK. 61 The configuration that is most consistent with the experimental observations ͑e.g., the toxin binds on the periphery of the channel as it still conducts K + ions͒ is then refined in MD simulations. Short term stability of the toxin in the binding site is verified by an MD simulation lasting 2 ns. A snapshot of the bound complex is shown in Fig. 2 .
MD simulations are carried out using the NAMD code Version 2.5 ͑Ref. 62͒ with the PARAM27 version of the CHARMM force field 63 and the TIP3P water model. Periodic boundary conditions are employed with the NpT ensemble. Temperature is maintained at 298 K through Langevin damping with a coefficient of 5 ps −1 and pressure is kept at 1 atm using the Langevin piston method with a damping coefficient of 5 ps −1 . Electrostatic interactions are computed using the particle-mesh Ewald algorithm. The list of nonbonded interactions is truncated at 13.5 Å, and a switching cutoff distance of 10 Å is used for the Lennard-Jones interactions. A time step of 2 fs is employed in all simulations. Trajectory data are written at 1 ps intervals during both equilibration and production runs. 
B. Potential of mean force
We calculate the PMF of various ligands by using both the umbrella sampling with WHAM and steered MD with Jarzynski's equality. We have previously carried out extensive PMF calculations by using the umbrella sampling method to study permeation of cations 19, 21 and binding of organic cations 26 in the gramicidin A channel, to which we refer for details of this method. Briefly, we apply a harmonic potential with a force constant k = 10 kcal/ mol Å 2 to the center of mass of a ligand at 0.5 Å intervals along the reaction coordinate. For the K + ion, the reaction coordinate is taken along the channel axis and for the other ligands-which bind at an off axis position-it is chosen parallel to the channel axis. At each umbrella window, the ligand is first equilibrated and then its center of mass coordinate is sampled during production runs. The biased ligand distributions obtained from the production runs are then unbiased and combined using WHAM to obtain the PMF of the ligand. The channels undergo considerable fluctuations with respect to the lipid bilayer during lengthy MD simulations. To prevent such fluctuations that may cause difficulties in interpretation of the results, we restrain the center of mass of channels at z =0 with a harmonic force of 100 kcal/ mol Å 2 . The ligand positions are sampled with respect to the center of mass of the channel.
In the nonequilibrium method, a harmonic force is applied to the center of mass of a ligand via a stiff spring, whose reference point is pulled along the reaction coordinate at a constant velocity v, i.e., z ref ͑t͒ = z 0 + vt, where z 0 refers to the initial position of the ligand at the binding site. For each simulation path, the work done W is calculated from the integral of the force on the spring as a function of z. The free energy change is determined from the ensemble average of the work done for many paths as proposed by Jarzynski 27 and generalized to isobaric-isothermal simulations,
The constant velocity method outlined above has been employed in almost all steered MD simulations studying ligand binding.
In all simulations, we use T = 298 K so that 1kT = 0.59 kcal/ mol. Initial estimates for the steering parameters, i.e., the spring constant k s and the pulling velocity v, are obtained by pulling a K + ion in bulk water over a Gaussian barrier and inspecting the quality of the PMF calculated using Jarzynski's equality. The value of k s is found to have little effect on the quality of results. From previous studies, 53 we adapted k s = 20 kcal/ mol Å 2 as an appropriate value for the stiff spring approximation. The optimal value of the pulling velocity in bulk water is found to be v Ϸ 10 Å / ns. The quality of the PMF rapidly declines for faster velocities, so it would be counterproductive to use a larger velocity in order to reduce the simulation time. On the other hand, using slower velocities leads to only a marginal improvement in the quality of the PMF and hence would be unnecessary. These initial values in bulk water are varied further in the channel environment to make sure that appropriate values are employed.
III. RESULTS AND DISCUSSION
We will present the results starting with the simplest carbon nanotube and going progressively to more complex protein systems, which will help to identify the relaxation problems inherent in application of Jarzynski's equality to complex biomolecular systems. We first present comparisons of the PMFs of a K + ion obtained by using the equilibrium and nonequilibrium methods in a simple carbon nanotube. This is followed by a similar comparison of the K + PMFs in the gramicidin A channel. We then switch to the more popular applications of Jarzynski's equality in the ligand binding problem and compare its performance against the umbrella sampling method for various ligands.
A. PMF of K + ion in carbon nanotube
The PMF of a K + ion in the carbon nanotube shown in Fig. 1 is constructed between z = Ϯ 20 Å using 81 umbrella windows at 0.5 Å intervals. At each window, the system is equilibrated for 100 ps followed by 300 ps of production run, corresponding to a total simulation time of about 32 ns. The resulting PMF ͑Fig. 3, denoted by us͒ exhibits the central symmetry expected from the symmetric structure of the nanotube reasonably well. A more symmetric PMF can be obtained by extending the simulation time but we believe the present calculation is sufficient to demonstrate our point. We remark that the large energy barrier at the center of the tube is due to the partial loss of the hydration shell of the K + ion, which is not compensated by the short-range interactions with the carbon atoms on the nanotube. Similar free energy barriers have been observed in other studies of ions in narrow carbon nanotubes. 64, 65 For comparison, a second set of PMFs is constructed by using the steering simulations and Jarzynski's equality. at z = 20 Å with a harmonic force of 100 kcal/ mol Å 2 and equilibrating the system for 100 ps. Because there are no long-range interactions between the ion-water system and the carbon nanotube, a short equilibration is sufficient. This is followed by a 500 ps MD simulation of the same configuration, from which ten snapshots of the system are picked up at 50 ps intervals to be used in the steering simulations. In each case, the K + ion is pulled from z = 20 to − 20 Å by using a steering force with k s = 20 kcal/ mol Å 2 and velocity v =10 Å/ ns. The total simulation time is about 40 ns, which is comparable to that of umbrella sampling. The PMF that is obtained by using Jarzynski's equality is shown in Fig. 3 ͑denoted by je-10͒. It is slightly higher than the umbrella sampling result at the center and exhibits somewhat more asymmetry on the left-hand side. To see if a slower pulling velocity could improve the result, we have repeated the steering calculations by using v =5 Å/ ns at a computational cost of 80 ns. As seen in Fig. 3 , the PMF that is obtained from the slower pulling overlaps with that of umbrella sampling in most places. The minor deviations can be attributed to fluctuations due to short sampling time and could be improved by using either a slower pulling velocity or a larger number of samples. The good agreement between the PMFs confirms the applicability of Jarzynski's equality in simple systems as found in earlier studies. The longer simulation time required to achieve parity with the umbrella sampling result is also consistent with earlier results, that is, using the nonequilibrium method does not provide any computational efficiency compared to the equilibrium method.
B. PMF of K + ion in gramicidin A channel
We next repeat the PMF calculations for a K + ion in the gramicidin A channel, which provides a much more complex environment for the ion compared to the carbon nanotube. The umbrella sampling calculations are similar to an earlier work, 21 where convergence of the PMF has been investigated. The PMF is constructed between z = Ϯ 12 Å using 49 umbrella windows. At each window, the system is equilibrated for 100 ps followed by 1 ns production run, corresponding to a total simulation time of 54 ns. As shown in Fig. 4 , the calculated PMF exhibits a symmetric profile with respect to the center, and the free energy difference between the two binding sites at z = Ϯ 11.3 Å is negligibly small. The height of the central barrier with respect to the binding site is about 20kT, which is much lower compared to that found in the carbon nanotube. Both the lower central barrier and the binding sites at the channel entrance are direct results of the long-range Coulomb interaction between the ion-water system and the partial charges of the gramicidin A atoms. We note that the ϳ20kT barrier height is consistent with many earlier PMF calculations, [16] [17] [18] [19] as well as the free energy difference for translocating a K + ion from the binding site to the channel center, which is obtained using the thermodynamic integration method. 20, 21 Thus, the PMF of a K + ion in the gramicidin A channel offers one of the best established free energy profiles for testing purposes.
For comparison, we construct a second PMF for the K + ion by using the steering simulations and Jarzynski's equality. The ion is initially equilibrated in the upper binding site at z = 11.3 Å for 5 ns. A much longer equilibration is carried out in this case because a shorter equilibration employed in a previous study is found to affect the results. 53 From the last 0.5 ns of this MD run, we choose ten snapshots, which are separated by 50 ps intervals, to be used as initial configurations in the steering simulations. In each case, the K + ion is pulled from one binding side to the other by using a steering force with k s = 20 kcal/ mol Å 2 and velocity v = 2.5 Å / ns. For the ten steering simulations, this corresponds to a total simulation time of 101 ns, which is about twice as long as the umbrella sampling calculations. According to the carbon nanotube comparisons, this should yield a reasonable PMF if there are no other aggravating circumstances. The PMF ob- FIG. 3 . ͑Color online͒ PMF of a K + ion along the central axis of the carbon nanotube calculated by using umbrella sampling ͑us͒ and Jarzynski's equality with a pulling velocity of v =10 Å/ ns ͑je-10͒ and v =5 Å/ ns ͑je-5͒. Fig. 3 but for the gramicidin A channel. The symmetric PMF is obtained using umbrella sampling ͑us͒ and the asymmetric one using Jarzynski's equality ͑je͒. The histogram in the inset shows the distribution of work at z =−10 Å. tained from Jarzynski's equality ͑Fig. 4͒ exhibits a large discrepancy compared to the umbrella sampling result, which keeps growing as one moves away from the initial binding site. The largest errors occur when the direction of the mean force changes, that is, whenever a free energy barrier turns into a well. The cumulative error, as measured by the free energy difference between the two binding sites is about 22kT, which is a value far greater than statistical fluctuations could explain. We note that increasing the number of samples or reducing the pulling velocity leads to only a marginal improvement in the PMF while substantially increasing the computation time. 53 The histogram in the inset shows the distribution of work at z = −10 Å, which is far from the expected Gaussian shape, reinforcing the need for more samples. It is estimated that to obtain a reasonably accurate PMF using Jarzynski's equality will require roughly an order of magnitude longer simulation time compared to umbrella sampling, which clearly renders this method uncompetitive in applications to ion permeation in channels.
FIG. 4. ͑Color online͒ Similar to
Because the problem is further accentuated at the binding pockets, one may attempt to alleviate it by pulling the ion to the nearest binding site and to equilibrate the ion there before moving it to the next binding site. However, it is unlikely that such a hybrid method will solve all the problems with accuracy while retaining the elegance and efficiency of the original method. First, there are 12 binding sites in gramicidin A; thus, one has to perform that many equilibrations of the system. Then, the 11 PMF pieces that are generated from steering simulations and Jarzynski's equality must be combined by using a method similar to WHAM for optimal results. This is already quite similar to the umbrella sampling method-the number of windows are reduced but the unevenly spaced binding pockets may require even more labor. Second, the binding pockets are not very well defined, and one may have to use a restraining force during the equilibrations to prevent large fluctuations in the initial position of the ion. The effects of such a restraining force need to be taken into account, which further detracts from the simplicity of the original method. Finally, in a novel application, we do not know the free energy surface in advance, which would enable partitioning of the steering simulations accordingly. Of course, in the case of the protein-ligand binding problem, there may be no other binding sites along the reaction path, and one may have to pull the ligand from the initial binding site to bulk solution in one steering simulation. The critical question in this case is whether the application of Jarzynski's equality yields a reliable PMF for the ligand, which we address next.
C. Ligand binding to gramicidin A channel
We first consider the binding of a K + ion to the gramicidin A channel, which furnishes a very simple example for the protein-ligand binding problem. The PMF of the K + ion along the channel axis is constructed by using an identical procedure as in the previous section. We use 17 umbrella windows between z = 11 and 19 Å at 0.5 Å intervals and perform 1.1 ns MD simulation at each window. The total simulation time for the PMF calculation is about 19 ns. The PMF shown in Fig. 5 ͑denoted by us͒ exhibits a binding pocket at the channel mouth with a well depth of 4kT. By using the same steering parameters as in the previous section ͑i.e., k s = 20 kcal/ mol Å 2 and v = 2.5 Å / ns͒, we have also obtained a PMF from the average of ten work functions using Jarzynski's equality. The total simulation time is about 37 ns, which is again double that of umbrella sampling. The resulting PMF ͑denoted by k = 20 in Fig. 5͒ is much deeper compared to that of umbrella sampling, and the discrepancies encountered between the two PMFs are quite similar in nature to those described in Fig. 4 . Basically, the nonequilibrium method is unable to keep track of the changes in the PMF especially when there are large changes in the mean force. This happens first at z = 12.5 Å and then at 13.5 Å, where the force changes direction.
If the problem is with the relaxation as suggested by the comparisons in carbon nanotube and gramicidin A, can we improve the nonequilibrium method by changing the steering parameters? We first look at the pulling force and consider the effect of using a less stiff spring. In Fig. 5 , we show the PMFs that are obtained by using progressively smaller spring constants in otherwise identical steering simulations. The use of smaller k values indeed reduces the discrepancy in the well depth but the good agreement obtained in the binding pocket with a stiff spring is lost. Thus, the improvement comes at the cost of loss of spatial resolution in the PMF. Also, the choice of k s value is too arbitrary to be reliable.
We next consider how the pulling velocity affects the PMFs. We show two sets of PMFs that are obtained by using k = 2 kcal/ mol Å 2 ͓Fig. 6͑a͔͒ and k = 20 kcal/ mol Å 2 ͓Fig. 6͑a͔͒, where the pulling velocity is progressively reduced. Because using much slower velocities is very time consuming, to demonstrate the trend, we have also used velocities faster than 2.5 Å / ns. The reason for showing the soft spring result ͓Fig. 6͑a͔͒ is to point out that it causes additional problems that are not solved by a slower pulling velocity. The discrepancy in the binding pocket mentioned above shows no signs of recovery as the velocity is reduced, FIG. 5 . ͑Color online͒ PMFs for binding of a K + ion to the gramicidin A channel along the channel axis. The umbrella sampling ͑us͒ result is compared those obtained from Jarzynski's equality ͑je͒ using different steering forces ͑indicated on the left-hand side in units of kcal/ mol Å 2 ͒.
that is, it is not due to slow relaxation. The apparent improvement in the well depth is caused by a fortuitous cancellation of errors. In any case, getting the correct well depth in the PMF is not enough. The binding constant and free energy of a ligand are calculated from an integral of its PMF along the reaction path; hence, its accurate reproductionespecially in the crucial region of the binding pocket-is essential. Therefore, the use of a stiff spring appears to be necessary in steering simulations of ligands. Using slower velocities ͓Fig. 6͑b͔͒ gradually improves the agreement between the equilibrium and nonequilibrium methods, which highlights the underlying problem with relaxation in the latter method. By using the trend of the PMFs in Fig. 6͑b͒ as a guide, we can estimate that a pulling velocity less than 0.5 Å / ns is needed to obtain a reasonably accurate PMF by using Jarzynski's equality. This corresponds to an order of magnitude larger computational cost compared to the umbrella sampling calculations, which are consistent with the earlier estimates referred to above.
In previous comparisons of the PMFs, we have limited the number of steering simulations to 10 for computational convenience. Increasing the number of samples is another way one can improve the quality of PMFs that are obtained from Jarzynski's equality. To see how this influences the PMF, we have increased the number of the steering simulations from 5 to 20 in steps of 5 ͑Fig. 7͒. It is seen that a substantial decrease in the PMF occurs when the number of samples is increased to 15. Inspection of the individual work functions shows that this is due to a single work function that has a particularly low energy. When this work function is removed from the average, the remaining 19 samples lead to a PMF that is similar to those obtained from five or ten samples. This indicates that for the chosen parameters, work functions with low energies are relatively rare events, and hence, one needs to increase the number samples to hundreds in order to obtain a reasonable PMF. Again, this would require an order of magnitude longer simulations compared to the umbrella sampling calculations. Another point worth emphasizing is the random nature of the convergence of the PMF that is obtained from Jarzynski's equality and lack of a convergence criterion. Thus, in the absence of a reference PMF, one cannot be sure if the sampling has been sufficient. In contrast, in umbrella sampling, the position data are accumulated and one can actually observe the convergence of the PMF in a variety of ways, e.g., by observing how the PMF evolves with increasing simulation time. So far, our comparisons have been limited to ions-the smallest possible ligands. If complexity of the protein is the source of the observed discrepancies, then using larger ligands in PMF calculations with Jarzynski's equality should lead to even greater deviations from those obtained via umbrella sampling. To check this hypothesis, we consider binding of two organic cations to the gramicidin A channel, namely, ethylammonium ͑EA͒ and tetraethylammonium ͑TEA͒. Both cations carry a net charge of +e as in the case of the K + ion, but this charge is increasingly dispersed over the ligand atoms. The umbrella sampling calculations are carried out by using a similar protocol to the previous PMF calcula- tions for K + . The only difference is that equilibration takes much longer time, 26 so we equilibrate each window for 1 ns, which is followed by a 1 ns production run. Thus, the total simulation time for the 17 windows between z = 11 and 19 Å is 34 ns for either organic cation. The PMFs that are obtained from umbrella sampling calculations are shown in Fig. 8 for EA ͑top͒ and TEA ͑bottom͒. Compared to the K + ion binding, EA and TEA bind to the channel further away and more weakly, which is a direct consequence of their larger size.
For steering simulations, we use the same protocol and parameters as in the case of the K + ion. The center of mass of the organic cation is restrained at the binding pocket and the system is equilibrated for 3 ns, of which the last 0.5 ps is employed to generate the initial configurations for the steering simulations. The total simulation time for the ten steering simulations is thus 35 ns, which is comparable to that of the umbrella sampling calculations. The PMF results that are obtained from Jarzynski's equality are superimposed on those of umbrella sampling in Fig. 8 . Comparison of the PMFs leads to conclusions similar to those obtained for the K + ion. That is, there is a reasonable agreement in the binding pocket but as soon as the mean force changes outside the pocket, large deviations occur between the two PMFs. As expected, the size of the discrepancy increases as the ligands get larger and more complex. While organic cations are more complex than ions, they are not really representative of peptides, whose complexity begins to match that of the proteins. To see the effect of using a truly complex ligand on the PMF calculations with Jarzynski's equality, we consider binding of the toxin CnErg1 to the HERG potassium channel as a final test case.
D. Ligand binding to HERG potassium channel
Many toxins bind to ion channels with high affinity, which makes them attractive targets for studying the proteinligand binding problem. Because toxin peptides have relatively large sizes ͑typically 30-40 amino acid residues͒, they exhibit a much richer spectrum of intrinsic motion, which should amplify any problems with sampling. For this study, we use a bound complex of the CnErg1 toxin and the HERG potassium channel, as shown in Fig. 2 . In umbrella sampling calculations, the center of mass of CnErg1 is pulled parallel to the x-axis from z = 34 to 44 Å by using 21 windows at 0.5 Å intervals. At each window, the center of mass is restrained with a harmonic force of constant k = 20 kcal/ mol Å 2 . Weaker restraints of 0.5 kcal/ mol Å 2 are applied in the x and y directions to constrain the reaction path. Because the system is much larger compared to that of gramicidin A, performing longer simulations has not been feasible. Each window is simulated for 1.5 ns of which 0.4 ns is reserved for equilibration and the remaining 1.1 ns is employed in construction of the PMF via WHAM. Thus, the total simulation time is 31.5 ns. A study of the PMF where the data are accumulated at 100 ps intervals indicates that the final PMF has reasonably well converged. The result shown in Fig. 9 predicts a well depth of about 14kT, which roughly agrees with the value estimated from the experimental binding costant ͑19kT͒.
For steering simulations, ten configurations are generated from the equilibrated structure at 50 ps intervals. In each case, the center of mass of CnErg1 is pulled along the z-axis from z = 34 to 44 Å by using a spring constant of k s = 20 kcal/ mol Å 2 and velocity v =5 Å/ ns. This amounts to a total simulation time of 20.5 ns, which is shorter than that of umbrella sampling. Again, using slower velocities has not been feasible due to the large system size. The PMF that is obtained from Jarzynski's equality ͑Fig. 9͒ shows a huge deviation from that obtained from the umbrella sampling calculations. The well depth approaches 100kT, which has no bearing with the experimental result at all. Inspection of the individual work functions reveals that they all give well depths above 70kT ͑distribution of the work values at z = 42 Å is shown in the inset͒. Thus, increasing the number of samples is not likely to help much to improve the PMF. Due to the larger size of the toxin, it is likely that more power is dissipated in pushing the solvent molecules compared to the case of ions. Thus, using slower pulling velocities will definitely improve the steering results. However, the size of the discrepancy is such that velocities even slower than envisaged for ions are deemed necessary in order to achieve parity with umbrella sampling. That, of course, puts any practical application of Jarzynski's equality to protein-ligand binding problems beyond the reach of current cluster systems.
IV. CONCLUSIONS
In this work, we have presented comparisons of PMFs that are obtained from umbrella sampling and Jarzynski's equality. For this purpose, we consider ion permeation in a carbon nanotube and the gramicidin A channel, as well as ligand binding to ion channels as testing grounds. Our results indicate that Jarzynski's equality does not offer a practical alternative to the established methods for free energy calculations in complex biomolecular systems. In order to obtain a reliable PMF using Jarzynski's equality, one requires roughly an order of magnitude longer computing time compared to the umbrella sampling method. Contrasting the PMF results in the carbon nanotube and the gramicidin A channel ͑Figs. 3 and 4͒ makes it clear that the long-range Coulomb interactions and the flexible nature of peptides are the main problems in complex systems. In order to resolve the sampling problem arising from the slow relaxation of the system, one needs to use either a much slower steering velocity or have many more samples, both of which would render the nonequilibrium method uncompetitive. As expected, the situation gets worse when the PMF of a complex ligand is considered instead of a simple ion. For organic cations such as ethylammonium and tetraethylammonium, the discrepancy between the PMFs that are obtained by using umbrella sampling and Jarzynski's equality can still be measured in percentages, so it is not much worse than that of ions. However, in the case of the CnErg1 toxin binding to the HERG channel, the discrepancy has turned into a factor, indicating worse problems with relaxation, which will be even more difficult to resolve.
